Abstract. The present study aimed to investigate the effects of lipoprotein-associated phospholipase A2 (Lp-PLA2) on endothelial dysfunction in an in vitro cell model of atherosclerosis, and to determine whether AMP-activated protein kinase (AMPK) mediates the effects of Lp-PLA2 on endothelial dysfunction. A total of 392 patients with coronary artery disease (CAD), including various sub-conditions, were recruited, and the plasma concentrations of Lp-PLA2 were evaluated. In addition, an in vitro model of atherosclerosis was established by exposing human umbilical vein endothelial cells (HUVECs) to oxidized low-density lipoprotein (oxLDL). SB-435495 was used to inhibit Lp-PLA2, and compound C was used to suppress AMPK expression. Lp-PLA2, AMPKα and phosphorylated-AMPKα (T172) expression in HUVECs were evaluated using western blot analysis. The concentrations of nitric oxide (NO), endothelin 1 (ET-1), intercellular adhesion molecule 1 (ICAM-1) and platelet/endothelial cell adhesion molecule 1 (PECAM-1) in cell culture supernatant were determined using commercially available ELISA kits. MTT assays were employed to indicate changes in cell viability. The current study found the plasma Lp-PLA2 levels were elevated in the CAD patients with stable angina pectoris, unstable angina pectoris, acute coronary syndromes and acute myocardial infarction, compared with a healthy control population. In addition, the in vitro results showed that Lp-PLA2 expression levels were elevated in oxLDL-exposed HUVECs. Lp-PLA2 suppression could increase cell viability, induce the production of NO and decrease the secretion of ET-1, in addition to suppressing the expression of cell adhesion molecules, including ICAM-1 and PECAM-1 in oxLDL-exposed HUVECs. The expression of AMPKα and phosphorylated-AMPKα (T172) was regulated by Lp-PLA2, and AMPK suppression was able to reverse the effects of Lp-PLA2 with regard to cell viability, endothelial vasorelaxation capacity and the secretion of adhesion molecules in oxLDL-exposed HUVECs. In conclusion, the present study provides initial evidence that Lp-PLA2 is able to cause endothelial dysfunction in an in vitro model of atherosclerosis, and the effects of Lp-PLA2 on endothelial dysfunction was at least partially a result of the downregulation of AMPKα, thus contributing to the progression of atherosclerosis.
Introduction
Atherosclerosis, which is characterized by the formation of atherosclerotic plaques in large-and medium-sized arteries, is the most common cause of mortality from cardiovascular diseases in Western countries (1) . The pathological process of atherosclerosis is complex, and numerous components of the metabolic, immune and vascular systems are involved in the formation of atherosclerotic plaques (2, 3) . However, the pathomechanism of atherosclerotic vascular disease has yet to be fully elucidated.
Vascular endothelial cells (VECs) are found in the inner layer of the vessel wall. They serve as a barrier between the blood and the surrounding tissues, and serve important functions in the cardiovascular system (4, 5) . The association between endothelial dysfunction and the mechanism of atherosclerosis has gained marked interest (6) and the present study investigates endothelial dysfunction in relation to atherosclerosis.
Lipoprotein-associated phospholipase A2 (Lp-PLA2) is a Ca 2+ -independent secreted protein that belongs to the PLA 2 superfamily. It is produced by a wide range of inflammatory and non-inflammatory cells, and circulates in plasma bound mainly to low-density lipoprotein (LDL) and promotes vascular inflammation (7) (8) (9) . Despite the inflammatory potential, the association of Lp-PLA2 with endothelial dysfunction has been demonstrated in a number of epidemiological studies (10, 11) . Yang et al (10) demonstrated that circulating Lp-PLA2 is a strong predictor of coronary artery endothelial dysfunction in humans. Local coronary production of Lp-PLA2
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is also associated with endothelial dysfunction in patients with early coronary atherosclerosis (11) . However, relatively few studies have investigated the role of Lp-PLA2 in endothelial dysfunction and the associated molecular mechanism in vitro. AMP-activated protein kinase (AMPK) is an important regulator of carbohydrate and lipid metabolism, and it appears to be a therapeutic target for improving endothelial function in patients with cardiovascular disease (12) (13) (14) .
In the present study, the effects of Lp-PLA2 on endothelial dysfunction in an in vitro cell model of atherosclerosis were initially investigated. In addition, whether AMPK mediates the effects of Lp-PLA2 on endothelial dysfunction was also assessed.
Materials and methods
Study participants. The study enrolled 392 patients who had been diagnosed with coronary artery disease (CAD) in Tianjin Chest Hospital (Tianjin, China) and 66 healthy controls. All patients signed a consent form agreeing to participate in the present study, and the Ethics Committee of Tianjin Thoracic Hospital approved the protocol. Among the patients with CAD, 10 had acute coronary syndromes (ACS), 69 had acute myocardial infarction (AMI), 55 had stable angina pectoris (SAP) and the remaining 258 patients had unstable angina pectoris (UAP). The mean age of patients was 62±5 years, and the mean age of healthy controls was 59±6 years. Fasting blood samples were drawn by vein-puncture in the morning.
Cell culture and treatments. Human umbilical vascular endothelium, (HUVECs; catalogue no. CRL-1730; American Type Culture Collection (ATCC), Manassas, VA, USA) were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Invitrogen; Thermo Fisher Scientific, Inc.). The cells were maintained at 37˚C in a humidified 5% CO 2 , 95% air atmosphere, and the cell culture media was changed every 2-3 days. Oxidized low density lipoprotein (oxLDL) was purchased from Yiyuan Biotech Co., Ltd. (Guangzhou, China) and diluted in DMEM to 200 µg/ml to treat cells. The Lp-PLA2 inhibitor, SB-435495 was obtained from GlaxoSmithKline (Collegeville, PA, USA) and used at a concentration of 5 µM. Compound C, an AMPK inhibitor, was purchased from Merck Millipore (Darmstadt, Germany) and used at a concentration of 20 µM.
Measurement of nitric oxide (NO)
. NO production of HUVECs was determined using a NO Assay kit (Beyotime Institute of Biotechnology, Haimen, China) according to the manufacturer's protocol. Cell culture supernatant of HUVECs (50 µl), Griess Reagent (50 µl) and Griess Reagent (50 µl) were added to each well of the 96-well plates. The plates were incubated at room temperature for 2 min, and the optical density (OD) was measured at 540 nm using a microplate reader (MK3; Thermo Fisher Scientific, Inc.). NO production was then calculated by comparing the OD of the samples with the standard curve.
ELISA assay. Plasma levels of Lp-PLA2 were detected using a commercial ELISA kit: Lp-PLA2 Assay kit (Kangerke Biotech Co., Ltd., Tianjin, China). The concentrations of endothelin 1 (ET-1), intercellular adhesion molecule 1 (ICAM-1) and platelet/endothelial cell adhesion molecule 1 (PECAM-1) in the cell culture supernatant were determined using Human ET-1 ELISA kit (TW Reagent Company, Shanghai, China), Human ICAM-1 ELISA kit (Huijia Biotechnology, Xiamen, Fujian, China), and Human PECAM-1 ELISA kit (Meixuan Biological Technology Co., Ltd, Shanghai, China). The microtiter plate provided in each of the kits had been pre-coated with an antibody specific to ET-1, ICAM-1 or PECAM-1. Standards (50 µl) or samples (10 µl) were then added to the wells, followed by the addition of horseradish peroxidase (HRP)-conjugated antibody, as stated in manufacturer protocols of aforementioned ELISA kits. Subsequent to incubation, a tetramethylbenzidine substrate solution was added to each well and the enzyme-substrate reaction was terminated by the addition of stop buffer. The color change was measured at a wavelength of 450 nm (MK3). The concentration of the samples was determined by comparing the OD of the samples to the standard curve.
MTT assay. An MTT metabolic assay was considered to indicate the changes in cell viability. The cells (1.5x10 3 cells/well) were plated into the 96-well plates and cultured at 37˚C overnight. After treatment for 24, 48 and 72 h, 10 µl MTT stock solution (0.5 mg/ml; Beyotime Institute of Biotechnology) was added to each well, and the cells were incubated at 37˚C for 4 h. Next, 150 µl dimethyl sulfoxide was added to each well and mixed thoroughly with a pipette. After incubation at 37˚C for 10 min, the absorbance at 570 nm was measured using a microplate reader (MK3).
Western blot analysis. The cells were washed with phosphate-buffered saline (PBS) and lysed in cell lysis buffer [20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 50 mM NaF, 2 mM EDTA, 1 mM Na 3 VO 4 , 1% NP-40, 1 µg/ml Leupeptin, 1 µg/ml Pepstatin and 1 mM PMSF]. After centrifugation at 12,000 x g for 10 min at 4˚C, the supernatant was subjected to 10% SDS-PAGE and transferred to polyvinylidene difluoride membranes (Merck Millipore). The membranes were blocked in Tris-buffered saline containing 5% nonfat milk and 0.05% Tween-20 at 4˚C overnight. Thereafter, the blots were probed with Lp-PLA2 rabbit polyclonal antibody (1:800; ab96619; Abcam, Cambridge, MA, USA), AMPKα rabbit monoclonal antibody (1:400; 2603), phospho-AMPKα (Thr172) rabbit monoclonal antibody (1:400; 2535; Cell Signaling Technology, Inc., Danvers, MA, USA) at 37˚C for 2 h. After washing with PBS, the membranes were incubated with HRP-conjugated donkey anti-rabbit IgG (1:2,000; ab16284; Abcam) at 37˚C for 1 h. Immunoreactive bands were detected by an enhanced chemiluminescence western blotting kit (Pierce Protein Biology; Thermo Fisher Scientific, Inc., Rockford, IL, USA). ImageJ software (National Institutes of Health, Bethesda, MD, USA) was used to calculate band density.
Statistical analysis. Statistical analysis was performed using SPSS 19.0 software (SPSS IBM, Armonk, NY, USA). All data are representative of a minimum of three independent experiments, and are expressed as the mean ± standard deviation. Differences between two groups were compared using the Student's t-test. One-way analysis of variance, followed by a least significant difference test was used to compare the differences among three groups. P<0.05 was considered to indicate a statistically significant difference.
Results
Plasma Lp-PLA2 levels were upregulated in patients with CAD. The plasma Lp-PLA2 levels were detected in 392 patients with CAD and 66 healthy controls. It was found that, compared with the control subjects, the plasma Lp-PLA2 levels were significantly increased in patients with SAP, UAP, ACS and AMI, as well as the total CAD (P<0.05; Fig. 1 ).
oxLDL induced endothelial dysfunction in HUVECs. As shown in Fig. 2A , oxLDL exerted an inhibitory effect on cell proliferation. Compared with the cells in the normal group, cell viability was significantly decreased in the oxLDL group (P<0.05).
The HUVECs were treated with 200 µg/ml oxLDL for 24 h, and then the cells were harvested for western blot analysis. The expression levels of vasorelaxation factor NO and vasoconstrictor ET-1 were determined by western blot analysis to assess endothelial vasorelaxation capacity. It was observed that NO expression was significantly decreased (P<0.05), while ET-1 expression was significantly increased in HUVECs following treatment with oxLDL (P<0.05; Fig. 2B ).
The expression levels of ICAM-1 and PECAM-1 were evaluated to determine the secretion of adhesion molecules by HUVECs. As shown in Fig. 2C , treatment with oxLDL significantly increased the expression levels of ICAM-1 and PECAM-1 proteins in HUVECs (P<0.05).
oxLDL induced Lp-PLA2 expression in HUVECs. The effect of oxLDL on Lp-PLA2 expression was determined using western blot analysis. As indicated in Fig. 3 , compared with the normal cells, Lp-PLA2 protein expression levels were significantly upregulated in the cells treated with oxLDL (P<0.05).
oxLDL inhibited AMPKα in HUVECs. The expression levels of AMPKα and phosphorylated-AMPKα (T172) in oxLDL-treated HUVECs were also measured using western blot analysis. Fig. 4 indicated that the relative protein expression levels of AMPKα and phosphorylated-AMPKα (T172) were decreased significantly in oxLDL-exposed HUVECs, compared with normal cells (P<0.05).
Lp-PLA2 suppression protected against endothelial dysfunction in oxLDL-exposed HUVECs. To investigate the effects of Lp-PLA2 on endothelial dysfunction, Lp-PLA2 protein was suppressed in oxLDL-exposed HUVECs by incubation with the Lp-PLA2 inhibitor SB-435495, then cell viability, endothelial vasorelaxation capacity and the secretion of adhesion molecules were investigated.
As expected, the results from the western blot analysis demonstrated that the expression of Lp-PLA2 protein was significantly inhibited by SB-435495 in oxLDL-exposed HUVECs (P<0.01; Fig. 5) .
The results of the MTT assay revealed that cell viability was significantly increased following treatment with SB-435495 (P<0.05; Fig. 6A) . Western blot analysis results demonstrated that NO expression levels were significantly increased, while ET-1 expression was significantly decreased in the oxLDL-exposed HUVECs following treatment with SB-435495 (P<0.05; Fig. 6B ). The expression of adhesion molecules ICAM-1 and PECAM-1 was significantly decreased as a result of treatment with SB-435495 (P<0.05; Fig. 6C ).
Lp-PLA2 suppression activated AMPKα in oxLDL-exposed
HUVECs. Subsequently, the expression levels of AMPKα and phosphorylated-AMPKα (T172) in oxLDL-exposed HUVECs were detected following incubation with SB-435495. It was found that Lp-PLA2 suppression led to increased expression levels of AMPKα and phosphorylated-AMPKα (T172) in oxLDL-exposed HUVECs (P<0.05; Fig. 7) .
AMPK mediates the effects of Lp-PLA2 on endothelial dysfunction in oxLDL-exposed HUVECs. In order to determine whether AMPK mediates the effects of Lp-PLA2 on endothelial dysfunction, cells were treated with compound C to suppress AMPK expression. As demonstrated in Fig. 8 , compared with the SB-435495 group, the relative protein levels of AMPKα and phosphorylated-AMPKα (T172) were significantly decreased in the SB-435495 + compound C group (P<0.01 and P<0.05, respectively).
The MTT results showed that Lp-PLA2 suppression led to significantly increased cell viability compared with the control group (P<0.05); however, this effect was reversed by treatment with compound C (P<0.05; Fig. 9A ). Western blot analysis results revealed that the significantly altered expression of NO and ET-1 by Lp-PLA2 suppression in oxLDL-exposed HUVECs was attenuated by compound C (P<0.05; Fig. 9B ). In addition, it was found that the relative protein expression levels of ICAM-1 and PECAM-1 were significantly increased in the SB-435495 + compound C group, compared with those in the SB-435495 group (P<0.01; Fig. 9C ).
Discussion
In the present study, a large number of CAD samples were collected, including those from patients with SAP, UAP, ACS and AMI. Atherosclerosis is the most common cause of stenosis of the heart arteries and, as such, of angina pectoris, including SAP and UAP (15) . The instability of atherosclerotic plaques forms the pathological basis of ACS (16) . Plaques can become unstable, rupture and promote the formation of blood clots that may occlude the artery, leading to AMI (17, 18) . The current study demonstrated that plasma Lp-PLA2 expression levels were significantly upregulated in patients with CAD, and this result was consistent with a previous report (19) . Subsequently, the current study investigated the role of Lp-PLA2 in endothelial dysfunction in atherosclerosis.
oxLDL is an important factor in the initiation and development of atherosclerosis (20) . In the present study, an in vitro cell model of atherosclerosis was established by exposing HUVECs to 200 µg/ml oxLDL for 24 h. Thus, the present study provided the first in vitro evidence that Lp-PLA2 induction results in endothelial dysfunction in experimental atherosclerosis, and that AMPK was involved in mediating the effects of Lp-PLA2.
The endothelium has a central role in vascular disease, to the extent that several clinical tests have been conducted to evaluate the functional properties of normal and activated endothelium (21, 22) . Endothelial dysfunction is defined as an imbalance between vasodilating and vasoconstricting substances that are produced by or act on the endothelium (23), in addition to the altered anti-inflammatory and anticoagulant properties of the endothelium (6, 24) . Endothelial dysfunction is associated with numerous vascular diseases, including atherosclerosis, stroke, myocardial ischemia and acute coronary syndrome (6) . Clinical assessments of endothelial function have enabled the detection of early disease, quantification of risk, judgment of response to interventions, and a reduction in the occurrence of later adverse events in patients. Endothelial dysfunction is often regarded as a key early event in the development of atherosclerosis (6) . NO is the most important vasorelaxation factor released by the endothelium. The decrease in NO production could induce pathological conditions associated with endothelial dysfunction, such as atherosclerosis (25, 26) . ET-1 is another endothelium-derived regulatory protein that functions as a potent vasoconstrictor, and is a marker of endothelial dysfunction (27) . During the process of atherosclerosis, endothelial dysfunction could be induced by the inflammatory cytokines, and consequently led to the induction of cell adhesion molecules (28) . ICAM-1 and PECAM-1 are cell adhesion molecules expressed by several cell types, including endothelial cells (29) (30) (31) . The endothelial expression of ICAM-1 and PECAM-1 is increased in atherosclerotic lesions and is involved in their progression (32, 33) . In the present study, it was found that cell viability was inhibited by oxLDL treatment. Furthermore, oxLDL treatment led to decreased production of NO and increased secretion of ET-1 in HUVECs. In addition, the expression of cell adhesion molecules, including ICAM-1 and PECAM-1, was induced by oxLDL. Collectively, the aforementioned results demonstrated that oxLDL caused endothelial dysfunction in HUVECs.
Lp-PLA2 is strongly associated with several cardiovascular risk markers and cardiovascular events in the clinic (34, 35) . A number of drugs and diet components have been demonstrated to demonstrate the vascular protective effect of Lp-PLA2 through influencing the enzyme concentration and activity (35) . Lp-PLA2 is an important enzyme that can be found in human and rabbit atherosclerotic plaques (36) . A large study that included 172 patients with no significant coronary artery disease (<30% stenosis) reported that circulating Lp-PLA2 levels were elevated in patients with early atherosclerosis (10) . Compared with the patients without evidence of atherosclerosis, local net production of Lp-PLA2 is significantly increased in the patients with minimal coronary atherosclerosis (11) . A study by Yang et al (10) demonstrated the potential of circulating Lp-PLA2 as an independent predictor of coronary endothelial dysfunction. In addition, local coronary production of Lp-PLA2 is associated with local endothelial function (11) . In the present study, in vitro assessments were initially performed to investigate the role of Lp-PLA2 in endothelial dysfunction. Consistent with previous studies (37) (38) (39) , the expression of Lp-PLA2 was induced by oxLDL. SB-435495, an inhibitor of Lp-PLA2, was used to suppress Lp-PLA2 expression, and it was subsequently identified that oxLDL-induced endothelial dysfunction was reversed by Lp-PLA2 suppression. The aforementioned results indicated that Lp-PLA2 induction could cause endothelial dysfunction in experimental atherosclerosis.
AMPK has been identified as a sensor of cellular energy and cellular redox status (40, 41) . AMPK activation appears to be a shared molecular target in vascular tissues, and the beneficial effects of certain agents are mediated by the activation of AMPK in endothelial cells (12) (13) (14) . The phosphorylation of AMPKα at Thr172 is required for AMPK activation (42) . AMPK phosphorylation has been demonstrated to reverse the decreases in cell viability caused by oxLDL (43) , and the activation of AMPK activity in endothelial cells stimulates NO production (44) . AMPK also decreases ET-1 expression and secretion from endothelial cells (45) . Pretreatment with an AMPK inhibitor compound C significantly increased basal ET-1 mRNA and protein expression levels. In addition, Cacicedo et al (46) reported that AMPK reduces tumor necrosis factor-induced elevated expression of adhesion molecules in endothelial cells. Cell adhesion molecules such as ICAM-1 and PECAM-1 have been reported to be suppressed by AMPK activation (14) . It has also been reported that the knockdown or mutation of Lp-PLA2 could induce apoptosis in macrophages and Cos-7 cells, and a reduction in the activated Akt level was involved in this phenomenon (47) . AMPK is the upstream regulator of Akt (48) (49) (50) . In the present study, the association between Lp-PLA2 and AMPK was initially investigated in an in vitro cell model of atherosclerosis, and whether AMPK mediates the effects of Lp-PLA2 on endothelial dysfunction was also investigated. Western blot analysis results indicated a negative role of Lp-PLA2 in the regulation of AMPK, which was evidenced by the increased expression levels of AMPKα and phosphorylated-AMPKα (Thr172) in oxLDL-exposed HUVECs following treatment with the Lp-PLA2 inhibitor SB-435495. Furthermore, the present study found that compound C, an AMPK inhibitor, was able to reverse the effects of Lp-PLA2 on cell viability, endothelial vasorelaxation capacity and the secretion of adhesion molecules in oxLDL-exposed HUVECs. Thus, these results suggest that AMPK serves an important role in mediating the effects of Lp-PLA2 on endothelial dysfunction.
In conclusion, the present study demonstrated the role of Lp-PLA2 in endothelial dysfunction and the associated mechanism in an in vitro cell model of atherosclerosis. Lp-PLA2 expression was induced in oxLDL-exposed HUVECs. The increased expression levels of Lp-PLA2 promotes endothelial dysfunction by inhibiting cell viability and endothelial vasorelaxation capacity, as well as inducing the secretion of adhesion molecules protein, at least partially through the downregulation of AMPK, thus contributing to the progression of atherosclerosis. The present study provided a novel molecular mechanism underlying the role of Lp-PLA2 in endothelial dysfunction and atherosclerosis, and it may aid the improvement of treatments for atherosclerotic vascular diseases.
